A new procedure for quantitative phase analysis using the whole-powder-pattern decomposition method is proposed. The procedure consists of two steps. In the first, the whole powder patterns of single-component materials are decomposed separately. The refined parameters of integrated intensity, unit cell and profile shape for respective phases are stored in computer data files. In the second step, the whole powder pattern of a mixture sample is fitted, where the parameters refined in the previous step are used to calculate the profile intensity. The integrated intensity parameters are, however, not varied during the least-squares fitting, while the scale factors for the profile intensities of individual phases are adjusted instead. Weight fractions are obtained by solving simultaneous equations, coefficients of which include the scale factors and the mass-absorption coefficients calculated from chemical formulas of respective phases. The procedure can be applied to all mixture samples, including those containing an amorphous material, if single-component samples with known chemical compositions and their approximate unit-cell parameters are provided. The procedure has been tested by using two-to five-component samples, giving average deviations of 1 to 1.5%. Optimum refinement conditions are discussed in connection with the accuracy of the procedure.
Introduction
Many methods have been developed for quantitative phase analysis (hereinatter called QPA) using X-ray and neutron powder diffraction techniques. They can be classified into two categories. One is based on the intensity-concentration formula for single lines, and various techniques have been reported so far for solving the matrix problem. Methods in this category are the external and internal standard methods (Klug & Alexander, 1974) , the matrix-flushing method (Chung, 1974a,b; 1975) , the doping method (Popovi6 & Gr-2eta-Plenkovi6 1979; Popovir, Gr~eta-Plenkovi6 & Balir-~unir, 1983) , the dilution method (Lennox, 1957; Clark & Preston, 1974; Gr~.eta & Popovir, 1985) , the standardless methods (Zevin, 1977; Rius, 1987; Wang, © 1995 International Union of Crystallography Printed in Great Britain -all rights reserved 1988; Zangalis, 1991) etc. Methods in the other category are based on the whole-powder-pattern fitting, and are rather new approaches. One is the use of Rietveld refinement (Werner, Salome & Malmros, 1979; Toraya, Yoshimura & Somiya, 1984; Hill & Howard, 1987) and another utilizes digitized whole-pattern traces (Smith, Johnson, Scheible, Wims, Johnson & UUmann, 1987; Smith, Johnson, Kelton & Andersen, 1989) .
The whole-powder-pattern decomposition method (hereinafter called the WPPD method) can refine the integrated intensity parameters, together with unit-cell and profile parameters, by least-squares fitting (Pawley, 1981; Toraya, 1986; Jansen, Sch~ifer & Will, 1988) or by iteration (Le Bail, Duroy & Fourquet, 1988) . A new idea for the QPA using the WPPD method was proposed as a third approach in the second category (Toraya, 1994) . The basic idea of this procedure is to replace the intensity ratio of individual lines in the intensity-concentration formula with the overall scaling factors determined using whole-pattern data. As stated above, there have been various ways of deriving the weight fraction in single-line techniques, and the parallelism will also hold in the procedure using the WPPD method. In the present paper, as part I, weight fractions will be obtained by solution of the simultaneous equations, of which coefficients include the scale factors and the mass-absorption coefficients calculated from chemical formulas of respective phases. The detailed procedure and the results of testing the method are described.
Procedure
The present procedure assumes the use of flat-specimen reflection geometry. The theory will be started from the well known intensity-concentration formula [equation (7-10) of Klug & Alexander (1974) ]. The formula is given by
where/yk is the integrated intensity of the jth reflection from the kth phase, Kjk is the factor including physical constants (the charge and mass of the electron, the velocity of light in free space and the wavelength of the X-rays), the dimensions of the diffractometer (goni-ometer radius and slit size), Lorentz-polarization factors, the number of unit cells per unit volume, the multiplicity of reflections, and the structure factor (site occupancy, positional and thermal parameters), Pk is the density, p* is the average mass-absorption coefficient and Xk is the weight fraction, p* is a weight average of massabsorption coefficients of individual phases, /z~, and is given by
k=l where N is the number of components in a mixture. From
(1) and (2), the intensity ratio l#/Ifk ingle is given by
where ~t is the/jr of a single phase and X~ = 1. In whole-powder-pattern decomposition, the profile intensity at the ith step of 20, Y(20i), is calculated by
where B(20i) is the background function, P(2Oi)jk is the profile function and Sk is the scale factor for each phase. Details of the procedure can be found elsewhere (Toraya, 1986) . In the present procedure, the whole-powderpattern decomposition is executed in two steps. The #~, will be calculated from the chemical compositions of individual phases and p/p data compiled in the literature (for example, International Tables for X- ray Crystallography, 1974) .
In practice, the intensity of the incident beam changes with the decay of the X-ray tube, and the Sk'S do not satisfy (8). The normalization of Sk's is, however, not required for crystalline-phase samples, because the normalizing factor is cancelled out in (7). When the amorphous material is included in the sample, its scale factor Samorphou s is given by N-I ¢:ry~li~e (9) Samorphou s = 1--~ '-'t k--I In this case, the S,'s must satisfy (8). The whole-powder patterns of both mixture samples and single-component samples should be measured sequentially, or the Sfls should be corrected by monitoring the intensity of the incident beam.
Experimental
The powders used for preparing mixture samples were ~-SiO2 (milled Brazilian quartz with a particle size of 3 to 7 I.tm), ZnO (Merck), TiO2 (rutile, Wako Pure Chem. Ind. Ltd), Y203 (Wako Pure Chem. Ind. Ltd), CaCO3 (Nakarai Chem. Ltd), BaCO3, (Wako Pure Chem. Ind. Ltd) and amorphous SiO2 (Nakarai Chem. Ltd), and their nominal purity was 99.9 to 99.99%. These samples were selected by taking into account the wide range of linearabsorption coefficients (96.42 cm-1 for ~-SiO/, 201.72 cm-~ for CaCO3, 283.58 cm-I for ZnO, 534.41 cm -~ for TiOz, 514.85 cm -l for Y203 and 1022.2 cm -I for BaCO3), the preferred orientation (CaCO3), a very strong peak among the others (~-SiO/) and a broadened profile (BaCO3). They were weighed using an electronic balance (Sauter, Ar 1014), and then well mixed in an agate mortar. The total weights of the samples were in the range of about 1 to 2.5 g. The numbers of samples prepared were twelve, five, four and one for two-, three-, four-and five-component samples, respectively. The weight ratios of the samples can be found in Tables 2 to 4 (see later) .
A powder diffractometer with a copper target and a curved graphite monochromator on the difffracted-beam side (Rigaku, PMG-VH) was used for the intensity-data collection. It was set vertically on an X-ray generator operated at 40 kV and 40 mA. The parameters for the optics were: goniometer radius = 250 mm, divergence and antiscatter slit heights = 1 °, apertures of the Soller slits = 2 °, slit height in front of the monochromator = 0.6 mm, receiving-slit height = 0.3 mm. Each sample was packed into the hollow of a glass specimen QUANTITATIVE PHASE ANALYSIS BY WHOLE-PATTERN DECOMPOSITION. I holder with 0.5 mm depth, and the surface was made flat by pressure with a glass slide. The intensity profile was scanned using a 0-20 step-scanning technique in the 20 range from 15 to 145 ° (for most samples) with a step Sample interval of 0.02 ° and a fixed counting time of 12 s. The X-ray tube had accidentally decayed and it was ex-~,-sio2 ct-SiO~ changed for a new one during the data collection. This ZnO event was used to investigate the influence of re-ZnO • alignment of the optics on the result. The intensity-data TiO2 collection for three 0t-SiO2+ZnO samples in weight YzO3
CaCO3 ratios of 1 : 4, 1 • 1 and 4" 1 was repeated three times with BaCO3 each sample repacked before each scan. Single scans were made for the remaining samples.
Whole-powder-pattern fitting

Single-phase samples
The profile intensity data in the 20 range of 25 to 80 ° were used for whole-pattern fitting by the computer program WPPF (Toraya, 1986) . The split-type pseudo-Voigt function (Toraya, 1990) was used as the profile function. Refined least-squares parameters included six background parameters in the fifth-order polynomial background function (bo to bs), the integrated intensity parameters (/j), the 20 zero point (A20), the unit-cell parameters (a, b, c, 0t, fl and 2)), the U, V and W parameters in the Caglioti, Paoletti & Ricci (1958) formula for the full width at half-maximum (FWHM), the asymmetry parameters in the asymmetry function ,4(20) (Toraya, 1986 ) (al, a2 and a3), and r/parameters in the formula ~l=rlo+~h(20 ) for both low-and high-angle sides (denoted L and /4) (r/L0, r/t i, r/Z-~ and r/Hi). No equipartition of intensity among the overlapping reflections was applied to the refinement of/y. Final Rp and R~,p factors for respective samples are given in Table 1 .
Mixture samples
The parameters refined for single-component samples were used as the initial parameters of whole-pattern fitting for mixture samples. The observed profile widths and shapes of individual lines of a mixture sample, however, differ from those of single-component samples. A primary cause is the change in the specimen transparency effect accompanying the mixing. This raised a question of which parameters should be varied during the least-squares fitting.
Whole-powder patterns were fitted in the three modes A to C, which differ in the kind of parameters varied during the least-squares fitting. In mode A, the six background parameters (b0 to bs), A20, the unit-cell parameters and the scale factors (Sk) were adjusted. In mode B, the Us, Vk and Wk parameters were also varied in addition to those in mode ,4. In mode C, the parameters al, a2, a3, r/L0, r/Ll, r/no and r/m were further added to the variation. In the respective modes, relevant parameters were varied independently. The 20 ranges of profile 
Results and discussion
5.1. Which parameters should be varied in wholepowder-pattern fitting? Table 2 gives the results for three ~-SiO2+ZnO samples with weight ratios of 1:4, 1:1 and 4: 1, obtained using the three refinement modes A to C. The 20 range used for fitting was from 30 to 80 ° .
In spite of the fact that the refined parameters for single-component samples were used as the initial parameters, the Rwp'S were high in refinement mode A, in particular for an 0~-SiO2-rich sample. This misfit is due to the widened observed profile width of ZnO in a mixture, compared to that in a single-component sample.
The Rwp'S were, however, decreased steeply if the mode was shifted from A to B, and the A w~'s were also decreased in parallel with it. The variations ofRwp, Sk and Awk were small between modes B and C: for example, the Sk's, normalized by (8), of ~-SiO2 in the 1 : 1 sample have the same value of 0.431 in modes B and C, while Sk is 0.441 in mode ,4. From these results, it can be stated concerning the WPPD refinement for mixture samples that: (1) the changes in least-squares parameters only of the unit cell and the 20 zero point (mode A) are not enough to achieve accurate quantification; (2) we should vary, at least, all U, V and W parameters of constituent components independently (mode B); and (3) the independent variations of all profile-shape parameters (mode C) contribute little to the accuracy. In actuality, the decrease of the grand mean, Away, for all samples used in the present study was just 0.2% when the refinement mode was shifted from B to C. Refinement mode C may be necessary only when the profile shapes of individual components in a mixture are significantly changed from those of standard single-component samples. This will occur, although not often, for example, in the grinding of some plastic material.
Reproducibility
Table 3(a) gives the result of the reproducibility test performed for the 1 : 1 and 4 : 1 0e-SiO2 and ZnO mixture samples (the 20 range used for least-squares fitting= 30-80 ° and the refinement mode was B). The average deviations Away were 1.5 and 0.8% for the respective samples, and their e.s.d.'s, calculated by [Y~(Awk-dwav)2/(n-1)] 1/2, were 0.4 and 0.3%, respectively, comparable with the e.s.d.'s of 0.6 and 0.3% for Sk.
As has been described, the X-ray tube was replaced with a new one during the data collection and the optics were re-aligned. The results in Table 3 (a) were obtained by using the intensity data measured for both mixture and single-component samples after the exchange of the X-ray tube. The results in Table 3 (b) were obtained by the same calculation as in Table 3 (a) but the intensity data for single-component samples were measured before the exchange of the X-ray tube and those for the mixture samples after it. It should be noticed that S(ct-SiO2)+S(ZnO)= 1.00 in Table 3 (a), while it is 1.72 in Table 3 (b) . Even with the two data sets obtained before and after the exchange of the X-ray tube coupled, the Rwp's and AWk'S were a bit lower than the results obtained by the combination of 'after' and "after'. The QPA, that the data are collected under the same experimental conditions.
Accuracy of QP,4 by the present procedure
Weight fractions of two-to five-component samples are given in Tables 4(a) to (d) (the 20 range used for least-squares fitting--30-80 ° and the refinement mode was B). A result of whole-pattern fitting for a fivecomponent sample is shown in Fig. 1 . The maximum I Awkl was 3.1% in sample 2C. The Awfls were, however, generally low, giving Awav'S of 1.5, 1.2, 1.0 and 1.3% for the two-, three-, four-and five-component samples (except for two samples containing amorphous components), respectively. From (7), we see that the accuracy of the derived weight fraction for the kth phase in the mixture solely depends on the accuracy of the Sfls: the error in p~, will more or less be cancelled out by the product in (7) and the cancellation will be more enhanced with increases in the number of components in a mixture. In fact, the A Way decreased from 1.5% in the two-component mixture to 1.0% in the four-component mixture: the five-component mixture has just one sample. It should also be noticed that the Awfls are sufficiently small for minor components in samples 3C, 3D, 4B and 4D. The e.s.d.'s of Sk for these components are comparable in magnitude with those of major components, indicating that the scale factors are determined accurately by the WPPD method.
The 20 range for whole-powder-pattern fitting
The intensity data in the 20 range 30 to 80 ° were used to obtain the above results. The 0~-SiO2 has the strongest peak at 26.62°20 (hM 101, 4768 counts s-l), TiO2 at 27.43 ° (110, 781 counts s-l), Y203 at 29.14 ° (222, 2043 counts s -i) and CaCO3 at 29.38 ° (104, 1719 counts s-l), while ZnO has no reflection below 30 ° . The intensity data were also analyzed in the 20 range 25 to 80 ° , including these strong reflections. The results, which gave I Awk[ > 5%, are presented in Table 5 , and are to be compared with the corresponding data in Tables 4(b), (c) and (d).
In sample 3E, the Sk for Y203 did not change by the 20 limit being lowered from 30 to 25 °, while the Sk for ~-SiO2 was increased by about 8% and that for SiO2 (gel) was decreased accordingly by (9). All remaining samples 4C, 4D and 5A contain CaCO3 and, by lowering of the 20 limit, the Rwp'S were largely increased in proportion to the W~k °wn of CaCO3. The Sk's for both CaCO3 and 0t-SiO2 were increased, but the magnitude was much larger for CaCO3. Accordingly, the Awfls for CaCO3 were all largely positive, those for ~-SiO2 changed a little and others became negative. These errors are caused by the preferred orientation of CaCO3: the intensity of the 104 reflection was increased with increasing randomization of the crystal particles in mixing with other components (peak height = 1396 counts s-l in sample l 5`4, 1676 counts s-in 4C and 6406 counts s-l in 4D in the order of increasing w~k °w~). These results suggest that the intensity data in the 20 range having reflections of moderate intensity should be used. If the optimum 20 range is selected; the weight fraction can be measured accurately by the present procedure even when the sample has the strong preferred-orientation effect. In the present cases, the optimum 20 range was from 30 to 80 ° and it will depend on the individual experiments.
Summary
The present procedure can be applied to all mixture samples with or without an amorphous material, if single-component samples and their chemical compositions and approximate unit-cell parameters are provided. It was shown that the procedure can execute the accurate QPA, in particular, for minor components and amorphous content, and even for the sample with preferred orientation.
Intensity ( The procedure was classified as of the second category (see §1), in which the methods are based on wholepattern fitting. It is similar to the quantification using the Rietveld method in a sense that weight fractions are derived from refined scale factors for individual phases. The QPA using Rietveld refinement is a single-scan single-step analysis, while the QPA using the WPPD method is a two-step analysis and whole-pattern fittings are required for single-component samples in advance of the whole-pattern fitting for mixture samples. Structural (site occupancy, positional and thermal) parameters are, however, not required in calculating the profile intensity. Thus, the access to the computation is much easier and the method will be widely applied to samples having no structural data.
The present procedure also has features that are analogous to the methods in the first category using the intensities of individual lines. Equation (5) is deduced from the intensity-concentration formula of Klug & Alexander [1974, equation (3) ]. The fundamental difference between the two equations is that the intensity ratio of individual lines is used in single-line techniques, while it is replaced with the scale factors in the present procedure. In single-line techniques, the observed intensities will fluctuate with random observation errors and; in some samples, vary with preferred orientation and, when the peak height is used to measure the intensity, the anisotropy of profile width. These errors are directly propagated to the derived weight fractions. In the present procedure, they may be diminished by an averaging effect of the scale factors: all reflections in the analyzed 20 range contribute to determine the scale factors and the errors in individual line intensities will more or less be cancelled out.
The accuracy of the present procedure will primarily depend on the accuracy of determination of the integrated intensity data sets in the first step and the scale factors in the second step. In the first step, the individual patterns of single-component samples are much simpler than the superimposed pattern of a mixture. In the second step, it is important to obtain a good overall fit. Rwp can be used as its indicator (Tables 4 and 5) and the difference plot to see whether the systematic errors are present or not. In reproducibility tests (Table 3) , the results were not affected by the re-alignment of optics, and they demonstrate that, if reliable integrated-intensity data sets are obtained in the first step, the present procedure works very flexibly, absorbing the small change in profile shape by the adjustment of profile parameters.
In the present procedure, the weight fractions were derived from (5) using knowledge of the chemical compositions of individual phases. As stated at the beginning, there may be several possible ways of deriving the weight fraction without calculating the mass-absorption coefficients, and study along these lines is now in progress (Toraya, 1995) .
